Visually guided behavior is known to involve temporo-parietal, inferotemporal, and prefrontal cortex and each of these areas appears to contribute to visual working memory. We explored the extent to which chronic lesions in one of these cortical areas affect visually guided oculomotor performance. We also explore whether possible impairments become more pronounced with increasing memory load. With this aim we recorded saccadic eye movements in 19 patients with a chronic focal postsurgical lesion in either temporo-parietal, inferior temporal or prefrontal cortex. Their results are compared to those of 19 age-matched volunteers. The subjects performed three different visual search tasks with increasing memory load: Instructed search, cue-guided search and memory-guided search. In addition, the latter task was performed with a short (1 s) and a long (6 s) delay. All tasks required the subjects to make a saccade to a single target presented together with one or three distractors. The results indicate that patients with inferotemporal lesions make the most task-related errors. Saccadic reaction times (SRTs) were significantly prolonged in patients with temporo-parietal and prefrontal lesions, but were unaffected in the patients with lesions in the inferotemporal cortex. The spatial accuracy of saccades was lowest in patients with temporo-parietal lesions. An increase in memory load led to more errors, to longer reaction times and to lower saccadic precision. However, the effect was similar across the three patient groups and the controls. An error analysis indicated that both patients and controls tended to weight global (luminance contrast and form) features higher than local features (line-segment orientation) when making difficult perceptual decisions.
Introduction
Each time we move our eyes our visual cortex is confronted with an immense amount of information from the surrounding environment. The average fixation period between saccades lasts about 200 -300 ms (Fischer, 1987; Schall, 1991; Carpenter, 1996) , so that we can access different segments of visual scenes at rates up to three times per second. Foveal vision is uniquely capable of encoding object and scene information by means of a highly parallel, distributed representation in neocortex (van Essen & Zeki, 1978; Zeki, 1978a,b) .
Exploration of the visual scene requires visual search and, if the visual response is to be delayed for a short time, visual working memory is also required. Visual search refers to the ability of subjects to find a target among simultaneously presented distractors (Treisman, 1982) . Identification of a target among distractors not only requires fast visual processing, but also demands the accurate control of ballistic eye movements (i.e. saccades) that guide the fovea to the target location (Findlay, 1995 (Findlay, , 1997 . The role of visual working memory in the visual processing chain is to store, for short periods of time, information about objects and their location in space, which is needed for subsequent behavioral responses (e.g. executing the next saccade). Thus, the search for a target among distractors requires both efficient oculomotor scanning behavior and visual memory.
It is widely believed that, in addition to the occipital cortex, three cortical regions underlie the processes required for visual working memory: the temporal cortex for pattern recognition (Mishkin, 1954; Iwai & Mishkin, 1969; Gaffan & Weiskrantz, 1980; Fuster & Jervey, 1982; Sahgal, Hutchison, Hughes, & Iversen, 1983) , the parietal cortex for spatial localization (Andersen, Essick, & Siegel, 1985; Quintana & Fuster, 1992; Friedman & Goldman-Rakic, 1994; Andersen, 1995) and the prefrontal cortex for retaining information over time (Fuster, Bauer, & Jervey, 1985; Lawler & Cowey, 1987; Funahashi, Bruce, & Goldman-Rakic, 1989 , 1990 , 1993a . Experiments in monkeys suggest that there exist two major intracortical streams that transmit information from posterior sites (the visual areas V1 and V2) to anterior areas. One projection system (the so-called ventral stream) passes through the inferotemporal cortex and deals with the identification of visual objects (the 'what' pathway), whereas the other (dorsal stream) passes via superior temporal areas to the parietal cortex and deals with spatial aspects (the 'where' pathway). There is anatomical and electrophysiological evidence (Funahashi et al., 1989 , Funahashi, Chafee, & Goldman-Rakic, 1993b Ungerleider, Gaffan and Pelak, 1989; Wilson, Scalaidhe, & Goldman-Rakic, 1993; Friedman & Goldman-Rakic, 1994 ) that these streams continue anteriorly to prefrontal areas, where a decision is made whether to attend to a given stimulus, whether to perform a response and when to start the response. It remains to be determined whether the domain specificity for 'what' and 'where' have separate prefrontal representations ('what' in ventrolateral and 'where' in dorsolateral prefrontal areas; see, Wilson et al., 1993) or whether the domains become merged in prefrontal cortex (Rao, Rainer, & Miller, 1997) . Evidence that the two streams participate in visual working memory comes from animal studies in which transient cooling or experimental lesions affected performance in a delayed response or a delayed match-to-sample task (Fuster et al., 1985; Funahashi et al., 1993a) . Also, neurons in the prefrontal, temporal and parietal cortex have been shown to maintain firing activity throughout the delay period (Mikami & Kubota, 1980; Fuster & Jervey, 1982; Miyashita & Chang, 1988; Funahashi et al., 1989; Tanaka, Saito, Fukada, & Moriya, 1991; Miller, Li, & Desimone, 1993) .
Previous work suggests that the mechanism of retaining information over short periods of time is primarily a function of the prefrontal cortex, which feeds back task-related, sustained activity to the inferotemporal and the parietal cortex in a 'top-down' fashion. For instance, it has been shown in monkeys that the extent of neuronal activity during the delay period typically is larger in prefrontal than in inferotemporal regions and is less disturbed by other inputs (Miller et al., 1993 , Miller, Erickson, & Desimone, 1996 . Furthermore, deactivation by cooling of prefrontal cortex decreases the selectivity of delayed responses in inferotemporal neurons (Fuster et al., 1985) . A similar interplay between prefrontal and parietal neurons has been reported for spatial working memory tasks (Chafee & Goldman-Rakic, 1998) .
The basic principle of functionally specialized ventral and dorsal processing pathways for visual information can also be found in the human cortex. Occipitotemporal lesions in humans lead to agnosia of objects, faces, or color (Benson & Greenberg, 1969; Albert, Reches, & Silverberg, 1975; Damasio, 1985; Zeki, 1990) , while occipitoparietal lesions lead to disturbances in motion and spatial perception, which is required to plan visually guided movements (Zihl, von Cramon, & Mai, 1983; Barton, Sharpe, & Raymond, 1995; Greenlee, Lang, Mergner, & Seeger, 1995; Greenlee & Smith, 1997) .
We explored the extent to which cortical lesions have a specific and long-lasting effect on visual search and visual memory. Using visual search tasks, we investigated how chronic cortical lesions in temporo-parietal (ST/LP), inferotemporal (IT) and prefrontal (F) areas affect oculomotor performance during visually guided and memory-guided search tasks.
Methods

Subjects
Nineteen former patients were recruited from the clinical archives of the Department of Neurosurgery, University of Freiburg. The patients had a welldefined, unilateral lesion located either in the inferotemporal, temporo-parietal or prefrontal cortex, which resulted as a consequence of surgical resection of vascular malformations (three arteriovenous malformations, nine cavernous angiomas) or tumors (seven astrocytomas, low grade malignancy, without any signs of progression in follow-ups).
We excluded patients who were over the age of 60 years, those with multiple lesions or tumors of highgrade malignancy, and those receiving radiation therapy or high doses of anticonvulsant medication (\ 1000 mg/day). Patients were also excluded who showed substantial visual field defects (e.g. quadrant anopia, see below) or who exhibited established signs of visual neglect. Furthermore, we excluded patients with frontal lesions extending into the frontal eye field (FEF) and the supplementary eye field (SEF). The human FEF has been shown repeatedly in the past to be located in the precentral sulcus (BA 6; Sweeney et al., 1996; Petit, Clark, Ingeholm, & Haxby, 1997).
Surgical resections had been performed on average 56 months (range 1-84 months) prior to investigation. The patients' mean age was 37.5 years (range, 22 -59 years); 14 male and five female patients participated. Four patients were left-handed (as determined by the Oldfield -Edinburgh Handedness Inventory; Bryden, 1982) . Eight patients were receiving anticonvulsant medication (carbamazepine or phenytoin) at the time of study. Post-hoc analyses showed that the use of anticonvulsant medication had no significant effect on the experimental variables. Twelve patients were free of any neurological symptoms, one patient (PAT01, Fig. 1 infrequently had mild seizures and two patients (PAT08, PAT10) exhibited a mild aphasia.
Prior to testing, all subjects performed two neuropsychological tests of short-term memory, i.e. Corsi Block Tapping (Milner, 1971) and Digit Span, digits forward (Wechsler, 1987) . No significant difference was found between patients and controls on the Corsi Block Tapping test, whereas controls scored somewhat higher on the Digital Span test (mean score; controls = 8.8, patients= 7.6; PB 0.05). Visual fields were examined using automatic perimetry in cases where a field defect was suspected.
An equal number of control subjects, matched on age, gender and handedness, were recruited for the study and were paid a nominal fee for their participation. The control subjects had a mean age of 38.9 years (range, 22-58 years). Their ages did not significantly differ from those of the patient group.
Brain imaging
Computed tomographic (CT) and T1-and T2-weighted, magnetic resonance images (MRI) were acquired before and after surgery. Using standardized atlases of the human brain (Seeger, 1978; Talairach & Tournoux, 1988) , we determined the extent and location of the cortical damage. The location and extent of the unilateral lesions are shown for each patient in Fig.  1 . The patients were assigned to one of three groups depending on the focus of cortical lesion in either the left or right hemisphere. The lesions were located in seven patients in the prefrontal cortex (F), in six patients in the inferotemporal cortex (IT), and in six patients in the temporo-parietal cortex (ST/LP). Obviously the location and extent of lesions occurring within these three groups will vary to some extent. The patients have been grouped in a way as to maximize the similarity of location within each group. This method has been used in the past to determine the effects of brain lesions on psychophysical task performance (Greenlee, Rischewski, Mergner, & Seeger, 1993; Greenlee et al., 1995; Greenlee, Kö ssler, Cornelissen, Mergner, & Seeger, 1997; Greenlee & Smith, 1997) .
Eye mo6ement recording
The subject's horizontal and vertical eye movements were monitored with a head-mounted infrared recording system based on corneal reflection (IRIS, Skalar Medical, Delft, the Netherlands). The system derives eye velocity by on-line electronic differentiation of eye position. Position and velocity signals were sampled at 500 Hz and stored in a laboratory computer for offline analysis. The spatial resolution was less than 0.5°. Calibration of eye position was made before and after each test condition. During each recording session, the subject rested his or her head on a chin-forehead rest, thereby assuring constant head position and viewing distance (57.4 cm).
Eye movement analysis was performed with the help of an interactive computer program. Saccades were detected by setting a velocity threshold of 30°/s. Artifacts resulting from blinks were detected and eliminated from further analysis. The method allowed us to estimate the saccadic reaction time (of the first saccade) and the subject's gaze errors. Central fixation had to be maintained prior to stimulus onset during the fixation period.
Stimuli and tasks
Texture stimuli were presented on a high-resolution color monitor (display subtending 30× 22°) and were made up of 3 ×4 matrices of uniformly spaced slanted line segments (Fig. 2) , each patch subtended 1.9 × 2.7°. The texture patches were defined by their luminance contrast with respect to the background (9 12.5% contrast, mean luminance= 8 cd/m 2 ), by their global form (vertical or horizontal rectangles) and by the local orientation of the line segments (9 45°). The patches were presented 5°eccentric of fixation (distance between fixation point and center of stimulus), one in each visual quadrant. These stimulus dimensions were selected to isolate global (luminance contrast, form) and local (line-segment orientation) processing components.
Four tasks were performed (Fig. 2) .
2.4.1. Instructed search task ( Fig. 2a) The subject was informed at the beginning of the recording session which stimulus feature was of importance. Two test stimuli (200 ms duration) were presented on each trial, randomly in two of the four possible locations. The test stimuli differed only on the feature to be discriminated (e.g. luminance contrast). Over the trials the stimuli randomly varied with respect to the other two stimulus features. At the beginning of each measurement, the subject was instructed to make saccades to the center of the texture patch with the appropriate feature (e.g. 'Shift your gaze always to the bright target!'), as indicated by the virtual arrow (not present during the experiment). This condition assesses the ability of the patients to discriminate the stimuli and to make visually guided saccades without depending on memory. As such, it served as a screening test and was thus performed at the beginning in each subject. (Fig. 2b) A texture patch, serving as a cue, was presented centrally for 200 ms to be followed 1 s later by the simultaneous presentation of four test patches (stimulus duration 200 ms). The cue was identical on all three features to only one of the four test patches. The other three stimuli served as distractors and could differ from the cue on either one, two or all three features. The subject's task was to make saccades to the center of the target stimulus, i.e. to the test patch that was identical to the cue on all features. Target location was randomized over trials. This condition assesses cueguided visual search performance for a target among distractors. The cue had to be remembered along all three dimensions so that the patient could find the target among the distractors. (with short or long delay; Fig. 2c) This task was similar to the previous task, except that the order of the cue and test stimuli was reversed. First, the four test patches were presented for 200 ms and then, after a delay, the cue stimulus was presented for 200 ms. The delay between the offset of the test patch and the onset of the cue was either short (1 s) or long (6 s). The subject was now asked to make a saccade to the remembered location of the target stimulus. By presenting the four stimuli first and then after the inter-stimulus interval (ISI) the cue, we challenge most the short-term memory mechanism.
Cue-guided search task
Memory-guided search task
On all trials, the fixation point was extinguished 200950 ms prior to the onset of the test stimuli. Each subject performed 256 trials for each condition (total number of trials= 1280). Owing to the prolonged nature of the task, the memory-guided search task with the long delay was split into two blocks of 128 trials each. Adequate rest periods were given between measurement blocks. The instructions were given in a way to emphasise task accuracy, speed and saccadic precision equally. In all conditions, the subjects were instructed to make saccades to the centre of the selected target. They were informed that their errors, the latency and the saccadic accuracy were being recorded. The order of the four conditions was randomised over subjects, with the exception that the instructed search was performed first in all cases.
Error analysis
Trials were scored according to the final eye position with respect to the target/distractor location. The final eye position was defined as the position of gaze after a maximum of 3 saccades (the primary and two smaller correction saccades). We defined a time window that extended from 100 to 1500 ms, during which time the gaze should have come to rest at one of the possible target locations. A trial was judged as correct when the final eye position corresponded to the quadrant containing the target stimulus. The results of a trial were scored as a valid error if the final eye position was within the quadrant of one of the three distractors. Trials were scored as yielding invalid errors in cases where adequate fixation was not maintained prior to stimulus onset and/or where the final eye position fell either within a 2°zone along the vertical and horizontal midlines ( 9 1°relative to the respective meridians) or beyond the stimulus display (see Fig. 2, inset) .
During the response period, small (single pixel) white dots were presented at locations corresponding to the centre of the target or distractor stimuli. These dots were only visible when the subject's gaze fell within 1°F ig. 2. Schematic illustration of the experimental paradigms employed in the present investigation. The texture patches were defined by their luminance contrast (bright versus dark), by their global form (vertical or horizontal rectangles) and by the line-segment orientation that make up the texture ( 945°). Three tasks were performed: instructed search (a), cue-guided search (b), and memory-guided search (c). In all tasks, the subjects were requested to make an eye movement to the target among distractors (as shown by virtual arrow). The small white dots (single pixel) were presented to provide information regarding the accuracy of the final eye position (only visible in foveal vision). The inset (lower right corner) illustrates the invalid and valid zones used to define the errors in final eye position. analysis of variance for repeated measures (SuperAnova and StatView 4.5, Abacus Concepts). The nonparametric contingency coefficient (c) was calculated to determine the 2 -value of the observed error distributions. We tested the main effect of experimental group (patients versus controls) and the main effect of the task performed (instructed search, cue-guided search, memory-guided search with short and long delays). The effects of lesion location, lesioned hemisphere and relative position of target with respect to lesioned side (i.e. contralesional versus ipsilesional) were determined among the patients.
Results
An important prerequisite of performance on the cue-and memory-guided tasks is the ability to discriminate the stimuli along each of the three defining features, namely luminance contrast, form and line-segment orientation (see Section 2). Once this information has been encoded, it can be used to guide the subject's gaze to the target among distractors. As such, the instructed search task served as a screening test for both oculomotor control and visual discrimination. The results of the instructed search are shown in Fig. 3 with regards to the task performance (a) and saccadic reaction times (b) for the three patient groups and the controls. In this task the guessing level is at 50%, and the target and a single distractor always differed only on the instructed stimulus feature. In pilot experiments the stimuli were carefully designed so that discriminability across the features was approximately similar.
The findings related to percent correct, presented in Fig. 3a , indicate that both the control subjects and the patients were capable of making correct saccades to a target containing a predesignated feature in the presence of a single distractor. The overall difference between patients and controls with respect to valid errors (see Section 2) on the instructed search task was not significant (Contingency coefficient, c= 0.028). The effect of lesion location across patient groups was significant (c= 0.138, P B0.0001). This difference arises mainly from the patients with F and ST/LP lesions, who made relatively more orientation errors, and form and orientation errors, respectively. However, the effect of lesioned hemisphere was not significant (c= 0.019). All subject groups had somewhat more difficulty discriminating between the line-segment orientation (40.4% of all valid errors) and the form of the texture patches (34.3%) than they did for stimuli that differed in luminance contrast (25.3%). Thus, the luminance contrast was the most predominant feature, followed by stimulus form and line-segment orientation.
As can be seen in Fig. 3b the saccadic reaction times for the correct responses were shortest for luminance of the dot. We informed subjects that the dots indicated the true centre location of the stimuli. The dots were provided as a form of visual feedback for the subjects, since the dot location could be used to assess the accuracy of each final eye position. The small fixation dot also helped the subjects to maintain their gaze long enough to establish the final eye position.
The distribution of errors was analyzed for all subjects by calculating the relative frequency of the different types of valid errors on the cue-guided and memory-guided tasks (errors in the instructed search task were analyzed separately). The errors were classified by comparing the distractor that was erroneously saccaded to with the target on all three stimulus features.
Data analysis
The task-related errors, saccadic reaction times (based on latency between stimulus onset and the beginning of the first saccade) and the saccadic accuracy (defined by the standard deviation of the final eye position in deg) were statistically evaluated with an contrast as compared to form and line-segment orientation (F 2,6 =8.5; P B 0.0003). The longest latencies, on average, were found in the patients with ST/LP lesions, followed by patients with frontal lesions, while patients with IT lesions were similar to the controls (F 3,6 =3.45; PB 0.02).
Saccadic accuracy and final eye position
The results for the final eye position are shown in Fig. 4 for the three patient groups and the control subjects. The final eye position (correct trials only) is plotted on xy-coordinates for each of the four tasks performed. The mean values (patients, open symbols; controls, filled circles) show a slight hypometria with respect to the center of each target ( 9 4°for x and y). Overall, there was no substantial difference for the mean final eye position across the subject groups. An index of variability is given in Fig. 4 by ellipses for the patients and by the crossbars for the controls (standard deviation averaged across subjects within each group). There was a slight tendency for the variability to be larger in the instructed search as compared to the cue-guided search, which we attribute to the fact that the former task always was conducted first. Interestingly, an analysis of variance with the standard deviation of the final eye position as the dependent variable revealed a significant difference between patient groups (F 2,16 = 9.89; PB 0.002). This effect is related to the large variability shown by the patients with ST/LP lesions, as indicated by post-hoc pairwise comparisons 5 . Histograms depicting the relative frequency of saccades as a function of the saccadic reaction time (SRTs; zero corresponding to the time of test stimulus onset) for correct and incorrect trials, as shown by positive and negative percentages. The total number (n) of saccades are shown for correct trials (above abscissa) and for incorrect trials (below abscissa) summed over all subjects. (a) Presents the findings for the patients with a focal lesion on one cortical hemisphere and (b) gives the results for the 19 age-matched controls. The results for the instructed and cue-guided tasks are shown in the upper panels, those for the memory-guided search task for short (1 s) and long (6 s) delays in the lower panels, respectively. A trial was scored as correct when the final eye position (gaze location) was in the same quadrant as the target. P =0.002; IT vs. ST/LP, P = 0.001). Although there was a tendency for patients with left hemisphere damage to exhibit a slightly larger standard deviation in the final eye position (SDx =0.98 vs. 0.81°; SDy = 0.96 vs. 0.95°), this difference was not significant. The joint effects of lesioned hemisphere and visual quadrant (i.e. ipsi-and contralesional) were negligible. This latter finding suggests that the effects of the lesions were not limited to the contralateral visual field.
Saccadic reaction time distributions
The distributions of the control subjects' and the patients' saccadic reaction times (SRTs) in the different tasks are shown in Fig. 5 , panels a and b, respectively. The relative frequency of correct and incorrect trials, shown by positive and negative percentage values (ordinates), is plotted as a function of the latency of the first saccade for the four tasks performed. Trials were scored as correct if the final eye position fell within the valid zone containing the target (see Section 2). In both normal subjects and patients a distinct bimodal distribution can be observed for the instructed and cue-guided tasks, showing maxima around 250 and 400 ms, respectively. In contrast, in the memory-guided tasks the early peak is no longer present, leaving a unimodal distribution with a maximum between 400 and 500 ms. Visual inspection of the distributions of SRTs indicated that these were comparable across the three patient groups. Fig. 6a serves to facilitate comparisons between the three patient groups and controls, by plotting the mean SRTs for each of the performed tasks, separately for each group. Table 1 presents the portion correct and saccadic reaction times for each patient separately. Patients with inferotemporal (IT) lobe damage exhibit SRTs that are comparable to those of the controls (mean values are even slightly lower). Contrary to this, patients with damage in the ST/LP areas and the prefrontal cortex (F) show significantly increased SRTs under all conditions tested. Despite the non-normal distribution of the raw data of each individual subject, the mean SRTs across subjects were approximately normally distributed. We could thus apply parametric tests of significance to these mean values. An ANOVA for repeated measures revealed a significant main effect of lesion location (F 2,16 = 4.8; PB 0.02), where patients with ST/LP and F lesions showed longer SRTs than the patients with IT lesions.
The experimental task had a highly significant effect on SRTs (F 3,111 = 133.1; PB 0.0001), showing an increase in SRTs with increasing memory load (compare Fig. 6c ). This task effect for SRTs was similar in both patient and control groups (as evidenced by a lack of a significant interaction term, group × task; F 3,111 =0.36).
A post-hoc analysis also revealed a difference in the mean SRT for correct trials versus incorrect trials (mean SRT, correct trials= 446 ms; incorrect trials= 428 ms; F 1,37 = 16.9, P\ 0.0002). We attribute this effect to additional processing time required to perform the task correctly. The effect of damaged hemisphere (left vs. right) on SRTs was not significant, nor were any of the first and second-order interaction terms between the hemisphere and other variables significant. The lack of a hemifield-specific effect speaks for an impairment that is not tied to retinotopic coordinates. 
Task-related errors
The results obtained with respect to the error rates on each of the four tasks are shown in Fig. 6b in terms of 'probability correct'. The proportion of correct responses was significantly lower in the patients compared to controls (F 1,36 =6.11; P B0.02). Patients with IT damage show a tendency to make more task-related errors (i.e. they more often made saccades to one of the distractors), followed by patients with ST/LP damage and those with F lesions. The effect of the experimental task (memory load; Fig. 6d ) over all subjects was highly significant (F 3,111 = 118.9; P B 0.0001). The interaction term between the experimental task and the experimental group (controls, IT, ST/LP, F lesion groups) was not significant, indicating that the effect of memory load was similar across groups. Table 2 presents the relative error frequencies for the three patient groups and the control group. As described in Section 2, trials were classified as a valid error when the final eye position fell within the valid zone of a distractor. A trial was judged as invalid when the final eye position was outside the valid zone (see inset in Fig. 2 ). The error rates of the patients with prefrontal and IT lesions were not significantly different from those of the controls. However, there was a significant tendency for the patients with ST/LP damage to make more invalid errors (post hoc Bonferroni/ Dunn, PB0.01). This result suggests that these patients were more impaired with respect to their oculomotor control. Patients with right hemispheric damage also tended to make more invalid errors, on average in 29.7% of all trials, compared to patients with left hemispheric damage (17.8%).
Analysis of error distribution
As mentioned above, the results shown in Fig. 6b indicate that all subjects made more valid errors with increasing memory load. In a post-hoc analysis we analyzed the types of errors made by the subjects for the cue and memory-guided tasks for valid errors only. Since on any given trial the distractors could differ on any one, two or all three features, we could measure the relative frequency of the different error types. These relative error distributions are shown in Table 3 . By way of example, if a subject made a saccade to a distractor that differed from the target only by the orientation of its line elements, then this trial was classified as yielding an orientation error. Accordingly, 52.4% of all errors were related to the line-segment a The effect of lesion location is shown separately (F, IT, ST/LP). The different rows give the number of valid errors related to the orientation of the line elements, the form of the stimulus, the luminance contrast of the stimulus or combinations of these features. orientation (local processing), 20.8% of the errors were related to the form of the patch (global processing), and another 14.2% of errors were related to a combination of these two features. Only 3.9% of all errors were related to the luminance contrast of the target (global processing), whereas the remaining 8.6% of errors were related to combinations of these three features. Analyzed over all subjects, these trends were highly significant ( 2 =36.5; df =12; P B0.0003). Interestingly, the error distributions were not statistically different between patient and controls groups, suggesting that, on average, both patients and controls used similar strategies to solve the search tasks.
A further analysis was conducted concerning the spatial location of the target on trials containing a valid error (upper versus lower quadrants; left versus right hemifields; ipsilesional versus contralesional hemifields). Patients with prefrontal lesions made more errors for contralesional targets (ipsilesional: 44% versus contralesional: 56%), whereas patients with ST/LP lesions made more errors for ipsilesional targets (54 vs. 46%). Patients with IT lesions showed no effect. The contingency coefficient was significant (c= 0.083; P B 0.0001). This trend in the error behavior was unexpected and eludes any simple interpretation.
Discussion
The present results support findings of previous studies, which indicate that focal lesions in the temporo-parietal, inferotemporal and prefrontal cortex lead to specific impairments in oculomotor performance in a visual search task. Before considering the effects of lesion location, we first discuss the general finding concerning the role of memory load on saccadic reaction times and task performance.
Saccadic reaction times and task performance
Saccadic reaction times demonstrate a clear bimodal distribution for each subject while he or she performs a visual search task. Two peaks can be resolved in the cumulative records in the instructed and cue-guided search tasks, the first with a maximum around 250 ms and a second with a maximum around 400 ms. An increase in the memory load, as represented by the transition from cue-guided to memory-guided search, has a substantial effect on the recorded SRTs. The early peak in SRTs is virtually absent leaving a single maximum around between 440 and 500 ms for the memory-guided tasks ( Fig. 5a and b, lower panels, respectively). In these tasks, the subject must retain in memory the information about the four stimuli and their relative locations. At the time of cue presentation, this information must be retrieved and compared with the newly incoming information about the cue stimulus. This retrieval process obviously requires some time, as evidenced by the absence of saccades with latencies below 300 ms.
Overall the distributions of SRTs were comparable across patient and control groups, suggesting that both groups performed the tasks in a similar way (Fig. 5) . Although the cue-and memory-guided tasks were difficult, the results clearly indicate that the patients were able to perform the task. Even though the patients did not perform as well as the controls, each patient's performance was clearly above that expected by chance (Table 1 ). The similar distributions of error types (Table  2) suggest that patients and controls used comparable strategies to solve the tasks.
Effect of lesion location on saccadic reaction times and task performance
Temporo-parietal lesions
The patients with damage in the parietal areas exhibited the longest saccadic reaction times (Fig. 6a and  c) and made the most invalid errors (i.e. their saccades often fell outside of the spatial and temporal windows used; Table 2 ). Furthermore, the variability of their final eye position was largest and increased significantly with increasing task difficulty. Though based on only a few patients (Fig. 1, Table 1 ), these findings suggest that patients with parietal lesions had considerable difficulty in making saccades to the required location, in support of a role of the lateral parietal cortex in the control of saccades. In addition, the high variability of final eye position in ST/LP patients for the memory search task with a long delay (Fig. 4d) was only observed in this patient group.
The results provide further evidence that the human dorsal stream, having access to eye and head position information, is involved in the real-time and retrospective mapping of spatial coordinates. As such our results complement the single-unit data described in monkeys (Andersen et al., 1985; Andersen, 1995) . Along similar lines, Constantinidis and Steinmetz (1996) found significant activity in parietal cells (area 7a) during the retention period of a delayed match to sample task. They relate this activity to short-term memory of stimulus spatial location.
Our results also are compatible with SRT studies in patients with parietal lesions and with recent functional imaging studies in humans. In the patient study of Pierrot-Deseilligny, Rivaud, Penet, and Rigolet (1987) lesions in the lateral parietal (LP) cortex affected both latencies and accuracy of memory-guided saccades. Similarly, in the study of Braun, Weber, Mergner and Schulte-Muenting (1992) parietal lesions led to more variable SRTs and more direction errors. The present findings extend these earlier observations with respect to the effect of memory load on SRTs (Fig. 6a and c) , variability of final eye position (Fig. 4) and frequency of spatial (invalid) errors (Table 2) in cue-guided and memory-guided tasks. Recent fMRI studies confirmed a role of the lateral parietal cortex in saccade generation (Luna et al., 1998; Petit et al., 1997) and an interaction between the lateral parietal cortex and the FEFs was found in a comparison between saccadic tasks and covert shifting of attention (Corbetta, 1998) .
Inferotemporal lesions
The patients with IT lesions exhibited normal saccadic latencies, but tended to make more errors related to pattern recognition in the visual search and working memory tasks (Fig. 6a and c) . This trend is in accordance with a number of earlier studies (see Section 1) and recent studies in our laboratory which showed that patients with lesions in the posterior inferotemporal lobe have more difficulty discriminating between briefly presented grating and random block patterns (Greenlee et al., 1993 . It is also in agreement with lesion studies in monkeys. As part of the ventral stream, neurons in macaque IT cortex have been shown to respond during the delay period of a delayed match-to-sample task (Fuster & Jervey, 1982; Miyashita & Chang, 1988; Miller, Li, & Desimone, 1991) . Furthermore, reversible cooling lesions in IT cortex are associated with poorer memory performance (Fuster, Bauer, & Jervey, 1981; Horel, PytkoJoiner, Voytko, & Salsbury, 1987) . In the present study, chronic IT lesions lead only to a mild impairment in pattern discrimination (Fig. 6b and d) .
Frontal lesions
The present results also indicate that patients with damage in the prefrontal cortex exhibit longer latencies when making a saccade to a target among distractors. The results of functional magnetic resonance imaging (McCarthy et al., 1994; Courtney, Ungerleider, Keil, & Haxby, 1997) and positron emission tomography (Swartz et al., 1995) of human cortex, acquired while subjects performed memory tasks, also point to a significant enhancement of activity in prefrontal cortex. It should be noted that the exact location of prefrontal damage will affect the nature of the perceptual and mnemonic impairment (compare Table  1 and Fig. 1 ).
It appears from behavioural work in monkeys that working memory is primarily a function of the prefrontal cortex and, if at all, sustained activity in the inferotemporal cortex seems to stem mainly from prefrontal projections (see Ungerleider, Courtney, & Haxby, 1998) . Chronic focal lesions in prefrontal cortex, though significantly impairing performance in our tasks, did not selectively alter the visual working memory component of task performance. As a recipient of information from both the dorsal (location) and ventral (object) pathways (Ungerleider & Mishkin, 1982) , the prefrontal cortex, acting as a central executive (Goldman-Rakic, 1988; Baddeley, 1992) , appears to control oculomotor responses in visually mediated selection processes (Pierrot-Deseilligny, Rivaud, Gaymard, Muri, & Vermersch, 1995) . In this framework, the posterior parietal cortex provides the spatial information required to program the saccade, while the inferotemporal cortex provides object-related information required for stimulus selection. Our results point to a distributed representation of spatial and object-related visual information in the three cortical regions studied.
